The objective of the research was to assess the growth and structural changes of clonal and seed-origin teak trees in monoculture and agroforestry systems. The experiment was established in a randomized complete block design with six replicates. Eight treatments were etablished consisting of combinations of two propagation types (clonal and seed-origin), two types of cultivation systems until the age of 24 months (monoculture and taungya system with maize) and two types of cultivation system after 24 months of age (monoculture and silvopastoral systems).
responsible for unexpected low productivity examples in several countries (Pérez & Kanninen, 2005; Tonini, Costa, & Scwengber, 2009) .
Teak is considered a plastic species, with good adaptability to ecological conditions different from those of natural occurrence, a fact that led to its cultivation in several regions of the world (Camino & Aymerich, 2013; Camino & Morales, 2013) . However, achieving high productivity requires more than relying on the species adaptability. In addition, a group of silvicultural and management decisions must be thoroughly planned in order to meet growing conditions as optimal as possible, including understanding and matching edapho-climatic conditions (Fernández-Moya et al., 2015; Golfari, Caser, & Moura, 1978; Kaosa-ard, 1995; Medeiros, 2016; Pandey & Brown, 2000; Pelissari, Caldeira, V. S. Santos, & J. O. P. Santos, 2012; Ugulino, Latorraca, & Tomazello Filho, 2014) , plant breeding, genotype prescription (Costa et al., 2015; Costa, Resende, & Silva, 2007 ; FAO (Food and Agriculture Organization of the United Nations), 2015; Schuhli & Paludzyszyn Filho, 2010) and other silvicultural prescriptions such as soil preparation and fertilization, planting spacing, thinning and pruning (FAO, 2009; Kaosa-ard, 1995; Pelissari, Caldeira, & Drescher, 2013) .
Besides pure plantations, teak has been pointed as an excellent option for agrosilvicultural systems either with agricultural crops (Medeiros et al., 2015; Moretti et al., 2014) or with forages and animal production (Cañadas-L. et al., 2018; Domingos Júnior & Coelho, 2018) . These systems are essentially characterized by being more sustainable when compared to monoculture (Nair, 1985) , since it seeks to optimize land use for agriculture, animal production and timber or non-timber tree products, providing periodic production of one or more of these components (Alao & Shuaibu, 2013) . In addition, agroforestry systems are especially important in tropical and subtropical regions where they can be used as a sensible alternative to recuperate degraded areas (Sun et al., 2017) .
The taungya and the silvopastoral system are two of the various types of agroforestry systems. The taungya system is characterized by the cultivation of tree species as the main component of the system in a consortium with agricultural crops in the first years (Nair, 1985) . The objective is to reduce the plantation and maintenance costs of the forest stand in the initial phase with incomes generated by the agricultural crop (Medeiros et al., 2015; Schlönvoigt & Beer, 2001 ). The silvopastoral system consists of animal production on pasture under widely-spaced trees or between tree strips (Nair, 1985) . This system has attracted the attention of many producers and breeders, since the consumer market of animal products has given increasingly greater importance to the sustainability of the production and animal welfare (Zanin, Bichel, & Mangilli, 2016) .
Efforts have been made to understand and predict teak growth under different cultivation systems and silvicultural prescriptions in Brazil, such as investigations involving genotypes performance (Costa et al., 2007; Schuhli & Paludzyszyn Filho, 2010) , agroforestry systems (Medeiros et al., 2015; Moretti et al., 2014) and thinning (Helio Garcia Leite, Nogueira, Campos, Takizawa, & Rodrigues, 2006; Nogueira, Leite, Campos, Souza, & Couto, 2001; Nogueira, Leite, Campos, Takizawa, & Couto, 2006) . However, studies still lack considering the wide range of silvicultural options in which teak has the potential to be deployed.
Hence, in order to contribute to the development of silvicultural options for teak, the objective of this study was to assess the growth and structural development of teak trees in different cultivation systems such as seed-origin and clonal teak trees under monoculture, agrosilvopastoral and taungya system.
Method

Experimental Data
The experiment was installed in January 2010 in the municipality of Figueirópolis D'Oeste, Mato Grosso state, midwest Brazil. The experimental area is located under the geographical coordinates of 15°24′27″ S and 58°45′56″ W and altitude of 370 m. The climate of the region is Aw, according to Köppen (Alvares, Stape, Sentelhas, Gonçalves, & Sparovek, 2013) , with an annual temperature ranging from 25 °C to 38 °C and rainfall around 1,500 mm year -1 . The soil of the area was classified as cambisols, according to the classification of the Brazilian Soil Classification System (Santos et al., 2013) , presenting a sandy-loam texture. The place where the experiment was implanted was occupied with pasture (Urochloa brizantha var. Marandu).
The experiment was installed in a randomized complete block design, with six replicates. Each plot had an area of 364 m², comprising seven teak planting rows in the east-west direction, with six plants per row. The planting spacing was 4 m × 2 m, which resulted in 42 plants per plot, from which only the central 20 trees were measured.
Eight treatments were evaluated: two propagation types (clonal and seed-origin), two types of teak cultivation systems until the age of 24 months (monoculture and taungya system with maize) and two types of cultivation system after 24 months of age (monoculture and silvopastoral systems), as described below:
CL_MC: clonal plants in monoculture; CL_TA_MC: clonal plants in taungya system in the early phase, later conducted as monoculture; CL_MC_SS: clonal plants in monoculture in the early phase, later conducted as silvopastoral system; CL_TA_SS: clonal plants in taungya system in the early phase, later conducted as silvopastoral system; SE_MC: seed-origin plants in monoculture; SE_TA_MC: seed-origin plants in taungya system in the early phase, later conducted as monoculture; SE_MC_SS: seed-origin plants in monoculture in the early phase, later conducted as silvopastoral system; SE_TA_SS: seed-origin plants in taungya system in the early phase, later conducted as silvopastoral system.
In the plots where the maize was planted, the soil preparation consisted of two passages of a 15-cm plow followed by one passage of the leveling harrow. After 30 days of teak planting, which was performed in February 2010, the cultivation of the maize cultivar AG 8088 YG was carried out. In February 2011, the maize cultivar BM3061 was planted. Three rows of maize, spaced 0.8 m and 1.2 m apart from the teak planting line were planted resuting in 52.500 maize plants per hectare. Fertilization was performed with the application of 120 kg ha -1 of ammonium between the lines of the agricultural crop. Weed control was performed manually and mechanized in all plots. In the monoculture plots, chemical control was used to eliminate the brachiaria grass at 24 months of age.
Data Collection
The trees in the experimental plots were measured at the ages of 27, 36, 48, 60, 72, 84 and 96 months after planting. Tree circumference was measure at 1.30 m from soil surface, later converted to diameter (dbh). Up to the age of 48 months the total height of all individuals was measured and, from this age onwards, only the height of the 9 th , 10 th , 11 th and 12 th tree, according to the measuring order of the first inventory, were measured using a 14-m ruler pole. For taller trees, tree height was visually estimated in comparison to the ruler pole. The height of the non-measured trees was estimated using Gompertz equation fit by treatment (Table 1) . At the age of 48 months, teak plants were attacked by Maconellicoccus hirsutus (Green) (Silva et al., 2014) . Note. 1 = Codes stands for treatment composition such as: CL = clone; SE = Seed-origin; MC = Monoculture system; TA = Taungya system in the initial phase and SS = silvopastoral system. 2 = all coefficients were significant in the t test at 5% significance level.
Data Analysis
To check whether there was a difference in the trend across time for total tree height, dbh and basal area (G), Gompertz model was used to model these variables as a function of age for every treatment:
where, y is the variable of interest (Ht, dbh or G), β's are the parameters to be estimated via Gauss-Newton method, A is the age and is the random error. Differences in the trend across time was assessed by checking for pair-wise model equivalence using a model identity test (Regazzi & Silva, 2010) : 
where, y and y are the ith observed and estimated values for the interest variable (y); y is the mean value for y; y is the mean of the estimated values; n is the number of observations and p is the number of coefficients in the models.
Besides different trends in mean values of total height, dbh and basal area, propagation and cultivation system might result in substantial structural changes across stand development, which is a sensible information for silviculturists. Therefore, the 2-parameter Weibull (6) probability density function was used to describe diameter distribution throughout stand development. The diameter class amplitude was established as 1 cm and a plot-wise fitting was performed with the software FitFD (Neuroforest, 2012) .
where, f(x) is the probability density function, x is the diameter class center (x ≥ 0), β is the scale parameter (β > 0) and γ the form parameter (γ > 0).
To build a diameter distribution projection model, the equations 7, 8, 9, and 10 were fit to project the parameters of Weibull model throughout time. The Quasi-Newton algorithm was used for model fitting with the software Statistica (StatSoft, 2014) .
where, β and γ are parameters of the Weibull function in the current (β 1 and γ 1 ) and future (β 2 and γ 2 ) ages, q is the quadratic mean diameter in the current (q 1 ) and future (q 2 ) ages, Dmax is the maximum diameter in the current (Dmax 1 ) and future (Dmax 2 ) ages and A is the current (A 1 ) and future (A 2 ) ages, x is the diameter class center, α, and are parameters to the estimated and ɛ is the random error term.
For each treatment, the current number of trees was the actual observed value (Nobs) for each age. Because it was not possible to fit the equation for estimating the number of trees in the future ages of 108 and 120 months, we used the same number of trees as at 96 months.
To recover the number of trees per diameter class the Equation 11 was used, which is a transformation of the Weibull function:
where, Nrec x is the number of trees recovered per diamater class at a given age; x i e x s are the upper and lower limit of the diameter class and Nobs is the observed number of trees at a given age j.
The validation of this diameter distribution projection model was made by comparing the observed and estimated distribution at the age of 96 months, using the L&O procedure (Leite & Oliveira, 2002) .
The ingrowth in new diameter classes was calculated as in Garcia (1999) , Medeiros et al. (2017) and Nogueira et al. (2001) based on the differentiating diameter (DD), which is the point at which the difference between two density probability functions, in distinct occasions, intersect. That is, the ingrowth in successive diameter classes become non-significant.
This point can be estimated by the parameter in the expo-linear model (12). Therefore, to identify the technical age of thinning (TAT), given by the DD, the expolinear model was fit using the simplex algorithm in the software Statistica (StatSoft, 2014) .
where, MPI is the mean monthly percent tree ingrowth, A is the stand age in months, θ 1 is the parameter that indicates the maximum absolute growth of the tree ingrowth in the linear phase of the curve, θ 2 is the parameter that indicates the maximum relative growth of the percent tree ingrowth in the exponential phase of the curve, θ 3 is the parameter that corresponds to the technical age of thinning and ɛ is the random error.
Results
Growth and Yield
There was a distinctly higher precision (Syx) and accuracy (Ryŷ) of the Gompertz yield equations for clonal than for seed-origin trees. The systems which had a silvopastoral phase had the lowest values for these goodness-of-fit statistics, which is a result of the higher variability of the analyzed variables in these systems. Note. 1 Codes stands for treatment composition such as: CL = clone; SE = Seed-origin; MC = Monoculture system; TA = Taungya system in the initial phase and SS = silvopastoral system.
2 All coefficients were significant in the t test at 5% significance level.
3 Same letters indicate model equivalence in the model identity at 5% significance level.
The fact the predicted tree height for the age of 108 months (Figure 1) approached the Gompertz equations's asymptotes (β 0 ) indicates that the teak trees are have approached a stagnation phase in this variable. However, in terms of dbh and basal area, this trend was only observed for clonal plants with a final monoculture phase.
For clonal trees in systems with a silvopastoral (CL_MC_SS and CL_TA_SS) and monoculture (SE_MC and SE_TA_MC) phase, the results suggest that growth stagnation has not yet occurred or that growth is slower, since the growth rate is lower. The estimated equations for diameter and basal area of seed-origin trees in silvipastoral systems (SE_TA_SS and SE_MC_SS) did not present biologically reliable asymptotes (β 0 ), whereas the growth rate (parameter β 1 ) was superior to the others, which suggests the growth recovery after a certain age due to a lesser competition with brachiaria grass. Table 3 shows the reduced model for the non-signicant pair-wise model identity tests. Grouped treatments can be interpreted as presenting the same growth trend. Note. 1 Codes stands for treatment composition such as: CL = clone; SE = Seed-origin; MC = Monoculture system; TA = Taungya system in the initial phase and SS = silvopastoral system.
2 All coefficients were significant in the t test t 5% significance level.
3 residual standard error. 4 Pearson correlation coefficient between the estimated and observed tree values. 
Structural Development
The system of equations that makes up the diameters distribution model (MDD) used in this study presented biological consistency when describing the behavior of diameter distribution throughout age (Table 4) . It was observed that the gamma parameter (γ) presented the worst fit for most treatments. Nevertheless, a correlation between the variables at current and future ages can be considered satisfactory for the data of all treatments (Figure 2 ). Note. 1 Codes stands for treatment composition such as: CL = clone; SE = Seed-origin; MC = Monoculture system; TA = Taungya system in the initial phase and SS = silvopastoral system.
2 All coefficients were significant in the t test t 5% significance level, except by those marked with "*".
3 Pearson correlation coefficient between the estimated and observed values. Note. N is the tree relative frequency and CC is the class center. Plot code codes stands for treatment composition such as: CL = clone; SE = Seed-origin; MC = Monoculture system; TA = Taungya system in the initial phase and SS = silvopastoral system.
Clonal plants in monoculture with silvipastoral system (CL_MC_SS), taungya and monoculture (CL_TA_MC) and monoculture (CL_MC) showed similar diameter distribution curves along the rotation. At the age of 27 months the diameters were distributed in six classes and in the last age evaluated (96 months) in nine classes, with the last diameter classes with the presence of individuals being 21 cm, 22 cm and 23 cm, respectively. In the first treatment, the diameter class with the largest number of individuals (39%) was 19, while in the other treatments it was class 21, also with 39% of the individuals. Among the clonal tree, those in taungya and silvipastoral systems (CL_TA_SS) presented a different pattern of growth, with the distribution remaining in six classes. In this treatment, at the age of 96 months, there were 56% of individuals in the class 19 cm, with no individuals above the class 20 cm.
The seed-origin trees in taungya and silvipastoral systems (SE_TA_SS) and taungya and monoculture (SE_TA_MC) showed similar behavior. The distribution started in eight and six classes, respectively, ending with 13 and 12 classes at the age of 96 month, with 22% and 24% of the individuals present in the classes 14 cm and 13 cm and the last classes with presence of individuals were 18 cm and 17 cm. The seed-origin trees in monoculture (SE_MC) and taungya (SE_TA_MC) also showed similarities. The distribution in these systems started with six and seven classes, later evolving to 15 and 16 classes at the age of 96 months, with 18% and 17% Vol. 11, No. 8; of the individuals present in the classes 16 cm and 17 cm and the last classes with presence of individuals were 21 cm and 22 cm.
Figure 4 also shows that for the systems with clonal plants (CL_MC_SS, CL_TA_MC and CL_MC), from the age of 72 months onwards, there was a reduction in ingrowth in successive diameter classes, which indicates an upcoming stagnation phase. However, these plants in the taungya and silvipastoral system (CL_TA_SS) presented a tendency of stagnation from the 84 months of age. Similar results were also observed for seed-oring trees in monoculture (SE_MC and SE_TA_MC), however, with a flatter shape and individuals distributed in a larger number of diameter classes. In the treatments with the influence of brachiaria grass (SE_SS and SE_TA_SS), the ingrowth in successive diameter classes were quite irregular.
In these treatments, there was an infestation of Maconellicoccus hirsutus at 48 months, followed by a stagnation of growth up to 72 months, with a significant growth recovery in the following year with a trend of stagnation after 96 months. The effect on growth was likely due to the decrease of the leaf area, incidence of fumagina, die-back and sap suction. In the other treatments involving seed-origin plants, the effect was less pronounced. In clonal plants, which were also attacked, growth was less affected.
Techinal Age of Thinninge
The expolinear model was logical and presented biological realism in determining the technical age of the first thinning. Only the equations of the treatments involving seed-origin trees in silvopastoral system had a correlation coefficient below 90% (Table 5 ). Note. 1 Codes stands for treatment composition such as: CL = clone; SE = Seed-origin; MC = Monoculture system; TA = Taungya system in the initial phase and SS = silvopastoral system.
2 All coefficients were significant in the t test t 5% significance level, unless they are marked with "*".
3 residual standard error.
4
Pearson correlation coefficient between the estimated and observed tree values.
In this study, the growth of clonal trees in systems with a final monoculture phase (CL_MC and CL_TA_MC) stagnated at 6.6 years; in monoculture and silvipastoral system (CL_MC_SS) at 7 years; and in taungya and silvipastoral (CL_TA_SS) 7.5 years. Seed-origin trees in systems with a final monoculture phase (SE_MC and SE_TA_MC) stagnated at 7 years, whereas those in taungya and silvipastoral (SE_TA_SS) and monoculture and silvipastoral (SE_MC_SS) systems stagnated at 9.4 and 9.6 years.
In general, clonal trees under monoculture presented the earliest growth stagnation, which can be explained by the faster growth of clonal trees associated with no competition with brachiaria grass. Clonal trees in systems with a silvopastoral phase and seed-origin in monoculture presented similar stagnation ages. These results evidence the high competition effect of brachiaria grass over teak trees ( Figure 5 ).
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Note. been few initiatives focusing on these programs for teak (Costa et al., 2007; Schuhli & Paludzyszyn Filho, 2010) . This may be the reason for the high variability of productivity, low genetic diversity and the underexplored genetic potential of this species in Brazil (Alcântara & Veasey, 2013; Costa & Resende, 2001; Giustina et al., 2017; Shimizu, Klein, & Oliveira, 2007) . Medeiros et al. (2015) pointed out that there is an increasing demand in quality and quantity of teak wood in the market, which will push more investments onto the implementation of tree improvement programs in order to produce superior genetic material for clonal propagation and also for improved seeds (Costa et al., 2015; Schuhli & Paludzyszyn Filho, 2010) . In addition, the interaction of trees with other plants in the system may also be governed by genetic characteristics, so that especial selection for deployment in agroforestry may be necessary. For example, assessing the effect of the weeds Urochloa decumbens (Stapf) R.D. Webster, Brachiaria plantaginea (Link) Hitchc., Brachiaria ruziziensis R. Germ. & C.M. Evrard and Panicum maximum Jacq. on the initial growth of Eucalyptus urograndis clones, Pereira, Alves, & Martins (2013) observed that negative effects of these plants on tree growth varied with genotype and pointed out the importance of site-specific genotype deployment.
In addition to propagation type effects, cultivation system had an effect and our results suggests that the consortium with grass (in the silvopastoral system phase) had a more negative effect on teak growth than the consortium with maize (in the agroforestry system phase). In the latter, Teak growth and consequently the technical age of thinning was little or not affected by maize. These results corroborate the hypothesis in Medeiros et al. (2015) , which found that teak plants, whether clonal or seed-origin, in the taungya system grow initially slower, but tend to recover after the removal of the agricultural component.
The results obtained here demonstrate the technical feasibility of the taungya system, in which the main objective is to reduce the costs of implementation of the tree crop, since it takes advantage of the activities of maintenance of the agricultural crop and the revenues from the commercialization of its products (Rodrigues, Cullen Júnior, Moscogliato, & Beltrame, 2008; Schlönvoigt & Beer, 2001) . In this same experimental area, Medeiros et al. (2015) verified that up to the age of 36 months there was a reduction of 21% and 27% in the cost of implantation and maintenance of the taungya system with clonal seed-origin trees, respectively, when compared to monocultures.
In addition to the silvicultural and economic analysis, it is necessary to consider that agroforestry systems, such as the taungya system, are essentially more sustainable when compared to monocultures (Menzies, 1988; Nair, 1985; Yeboah, 2016) , since it seeks to optimize land use for agricultural, animal production and tree products (Alao & Shuaibu, 2013) . They also meet the precepts of environmental protection, especially those of tropical and subtropical regions (Sun et al., 2017) and products obtained in this type of system, especially those of animal origin, are becoming better preferred by consumers who have given greater importance to the provenance, production systems and animal welfare (Zanin et al., 2016) .
The infestation of Maconellicoccus hirsutus (Silva et al., 2014) affected negatively the growth of teak trees, especially in the case of seed-origin trees in agroforestry and silvopastoral systems (SE_TA_SS and SE_SS), which showed lower resistance to the attack of this pest. In this experimental area, Silva et al. (2014) observed that the infestation occurred all along the stem to the upper part of the stem, with decreasing incidence from the base upwards. According to these authors, the highest concentration of this pest was found in cracks, pruning cicatrization callus and also in branches and lesions. In the crown, low infestation was detected in the lower and upper thirds and high infestation in the middle third (region with the highest volume of leaves), especially in the abaxial face, next to the leaf veins. The main symptoms observed by the authors were the death of young leaves, leaf area reduction, presence of fumagina on the adaxial side, dieback, leaf malformation, reduction in growth, necrosis and early yellowing of older leaves. Similar results were observed by Peres Filho, Ben-Dov, Wolff, Dorval, and Souza (2017) in commercial teak stands in the region where this experiment is located.
As mentioned, the integration of teak trees with forage crops, in this case brachiaria grass, influenced negatively the growth of the teak trees in terms of height and diameter when compared to the monoculture system ( Figure  1 ), including in this case also an effect on the basal area and the ingrowth in successive diameter classes ( Figure  4 ). This lower growth can be explained by the reduction of the growth rate (Table 2) due to the competition between the components (Domingos Júnior & Coelho, 2018) , restriction of the development of the root system (Schaller, Schroth, Beer, & Jiménez, 2003) and possible direct and indirect allelopathic effects .
Although, we did not aim at assessing the forage production (U. brizantha) as a function of sowing density, period of coexistence and distance of trees, studies with these objectives are recommended, since the competition jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 8; with the trees can significantly reduce the production and the nutritional quality of the forage (Cabral et al., 2017) , especially in crops with higher density of forage plants (Bacha, Pereira, Pires, Nepomuceno, & Alves, 2016; Pereira, Souza, Silva, & Martins, 2011) .
The percentage entries method (PEM) (Garcia, 1999) was adequate to determine the technical age of the first thinning for teak stands in agroforestry systems, corroborating with results of Medeiros et al. (2017) and Nogueira et al. (2001) . It was possible to identify the exact moment of change from the linear to the exponential phase ( Figure 5 ), that is, the moment that the ingrowth in successive diameter classes was no longer significant, therefore, the beginning of growth stagnation and the moment of the thinning intervention.
The results obtained in this study indicated that the technical age of the first thinning was the earliest for clonal trees in monoculture followed by clonal trees in the other systems, then seed-origin trees in monoculture and, finally, seed-origin trees in agroforestry systems. The technical age of thinning observed hereby was compatible with that observed by Medeiros et al. (2017) in teak stands implanted in different spacings, in the municipality of Água Boa, also in the state of Mato Grosso, Brazil. For example, the authors found that in a 3.5 m × 2.4 m planting spacing (8.4 m² per plant), the TAT was at 78 months of age, similar to the result found in this study (79 months), with a spacing of 4 × 2 m (8 m² per plant).
Conclusions
The clonal trees presented a better performance than the seed-origin trees.
Under the conditions studied, the taungya system did not affected negatively the growth of teak trees as compared to the monoculture.
The ingrowth in successive diameter classes decreases with age, regardless of the cropping system, and in agroforestry systems the decrease is less pronounced.
The diameters distribution projection model and percent entry method were efficient to monitor the growth and yield and to define the technical age of thinning of the tested cultivation system.
For the current type of management in the evaluated treatments, the technical age of the first thinning varied from 6 to 9 years.
